The optical diffraction limit has been the dominant barrier to achieving higher optical resolution in the fields of microscopy, photolithography, and optical data storage. We present here an approach toward imaging below the diffraction barrier. Through the exposure of photosensitive films placed a finite and known distance away from nanoscale, zero-mode apertures in thin metallic films, we show convincing, physical evidence that the propagating component of light emerging from these apertures shows a very strong degree of collimation well past the maximum extent of the near-field (0/4n-0/2n). Up to at least 2.5 wavelengths away from the apertures, the transmitted light exhibits subdiffraction limit irradiance patterns. These unexpected results are not explained by standard diffraction theory or nanohole-based ''beaming'' rationalizations. This method overcomes the diffraction barrier and makes super-resolution fluorescence imaging practical.
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fluorescence microscopy ͉ nanoholes ͉ subdiffraction limit ͉ subwavelength imaging ͉ super-resolution T he spatial resolution of an optical system operating outside of the optical near-field can given by the Rayleigh criterion (1),
where is the wavelength of the emitted photons and NA is the numerical aperture of the system. This criterion says that two point sources can be ''just resolved'' when their separation is W. The 0.61 term arises from the superposition of two Fraunhofer diffraction patterns for circular apertures (Airy disks) such that the principle maximum of one of the patterns coincides with the first minimum of the other. This superposition of two sources at distance W results in an intensity distribution of two peaks with a valley between with a contrast ratio (ratio of peak to valley intensities) of 0.81.
In an effort to circumvent this limit, a method was first proposed in which light is leaked through an aperture much smaller than the wavelength in an opaque screen (2) . Because the light through such an aperture is known to diffract heavily and the power flux through such an aperture is evanescent, the aperture must be placed in the optical near-field of the probe. This method, practically realized, is called near-field scanning optical microscopy (NSOM) (3) (4) (5) . Super-resolution (resolution values smaller than W, above) with NSOM has been demonstrated often. NSOM, however, suffers from the low photon flux through a zero-mode waveguide (6, 7) and the requirement of strict maintenance of surface-to-aperture distance within a few nanometers (8) . Parallel probe NSOM approaches have been proposed and developed in which a plate with periodic perforations of zero-mode waveguides is placed on top of a sample in the optical near-field (9, 10) .
The behavior of light emitted from periodically perforated arrays of subwavelength apertures in metal films on mesoscopic length scales, between the length regime where light classically propagates (d Ͼ Ͼ ; the far-field) and the range where it displays evanescent properties (shorter than half of a wavelength; the near-field), is poorly understood. Studies and numerical simulations in the near-field are an active area of investigation (11) (12) (13) . Far-field numerical simulations and measurements of light through these nanoholes have been accomplished in numerous investigations (13) (14) (15) (16) (17) (18) (19) (20) . Some data about the meso-field (between far-field and near-field) can be deduced from both sets of studies. However, there exist very few data specific to the meso-field, and resolution in this regime is limited. Janssen et al. (21) explored this region in numerical modeling of multiple slits in metals. It is often recognized that slit arrays, although they can provide some insight into the phenomenon of extraordinary optical transmission (EOT) in hole arrays, cannot sufficiently explain it because slits can support transverse electric and magnetic (TEM) modes; and, therefore, the transmission properties of slit arrays in metal will most likely be different from those in hole arrays in the same metal (20, 22) . To gain experimental access to this poorly understood length regime, we fabricated two classes of test structures constructed of optically thick metallic films deposited on substrates or superstrates. The metallic layers were periodically perforated with nominally cylindrical apertures by a focused ion beam instrument (23) .The perforation period, a 0 , was chosen to excite surface plasmon (SP)/photon coupling via grating momentum on an otherwise smooth surface (24) . It was expected that extraordinary optical transmission (25) through arrayed nanoholes and beaming phenomenon (26) would allow significantly higher signal-to-noise ratios in the collection process. The structures were exposed to monochromatic, constant irradiance light, and images were recorded in different media.
Results and Discussion
Initial experiments were conducted with hexagonally arranged aperture lattices of diameter ϭ 150 nm in 100 nm Au on a 4-nm adhesion layer of Cr on borosilicate glass (Fig. 1, first class of structure). Collimated, unpolarized narrow-band light (4 nm FWHM) was directed at 90°onto the Au-air interface, and the light emergent from the Au-Cr-glass interface was collected in the far-field via a conventional microscope and CCD. Collected images show 1:1 correlation from the emission sites on the backside (nonilluminated side) to the apertures. The lattice constant and aperture size were conserved in the image. Scattering of light emerging from the apertures and the radiative decay of the SP on the back side [whose interference is widely accepted to be the cause of beaming (17, 26, 27) ] were not detected, even when the focal plane of the lens was placed on the emission surface of the metal. This result was unexpected and contrary to earlier predictions. In a somewhat similar experiment completed by Docter et al. (28) , images of a rectangular hole array were captured while varying numerical aperture of the collection lens. Their results also show 1:1 correlation and no, or very little, photonic information between the holes. Their arrays, although, differ from that shown if Fig. 1 in that, at the given numerical apertures and wavelength of the illuminating light, the direct transmission from the holes should be resolvable according the Rayleigh criterion. Scattering and radiative decay components were expected to show quite large power densities well into the far-field, with a lateral extent much larger than the period of the apertures resulting in overlapping and strong interference patterns. However, the images were well defined and showed minimal interference or diffractive effects.
The second structure ( Fig. 2 ) was designed to probe the meso-field and edge of the near-field. In contrast to the first experiment, the light source was a solid-state laser ( 0 ϭ 410 nm) with additional polarization optics to deliver more highly collimated, monochromatic, and strongly polarized light to the metallic film. This second class of structures had smaller (60 nm) apertures in 110-nm layers of Ag sputtered onto membranes of low-stress silicon nitride. The thickness of the silicon nitride membranes was varied from 75 to 500 nm. The period of the perforations was designed to allow coupling of the normally incident photons with SPs at the air-Ag interface. SP can be readily elicited on gratings by transverse magnetic (TM) field light (24) but only weakly by transverse electric (TE) field light (29) . With strong coupling of the SP and the TM light, any two-dimensional array should behave as a set of linear arrays when the polarization direction is parallel to the grating vector (the direction defined by a 0 ). Along the direction normal to the polarization, these sets should be weakly coupled. We milled two orthogonal sets of closely spaced linear arrays in the silver. We call the sets of linear arrays in which the electric field vector is aligned with the grating vector ''TM arrays.'' The orthogonal sets, which we call ''TE arrays,'' should not strongly couple the TM field with SP in the silver film and thus should not show the SP-enhanced transmission expected of the TM arrays. In the TE arrays, the electric field vector is parallel to the separation distance, which was fixed at 2. This distance was chosen specifically not to satisfy the strong photon/SP coupling condition of the two linear arrays but still remain below the diffraction limit for a perfect lens and, thus, would not be resolvable by a diffraction-limited system (1).
It is important not to distort the local field anisotropically when probing the meso-field, and especially the near-field, of the metallic film because the nanohole arrays show extreme sensitivity to the local dielectric function (30) . We chose a photosensitive film placed within the range of interest as a suitable method of image recording. The film must, though, have very small features, such as grain size, roughness, etc., when compared with the typical dimensions of the irradiated area (8, 31) . A thinned conventional photoresist was spin-coated on the back side of the silicon nitride membranes. The dielectric spacer layer must be flat. We showed in earlier experiments that depositing spacer layers either by spinning liquids such as poly(methyl methacrylate) (PMMA) or by chemical or physical vapor deposition resulted in coatings that conformed to the surface and were not flat. Even with no radiative exposure, photoresist spun onto a conformal spacer layer is also conformal. Regardless of the tone (positive or negative) of the photoresist, a conformal coating results in an anisotropic field in the near-field of the apertures, distorting the measurement (32) . The direct application of the photoresist to the silicon nitride also excludes any intermediate materials, which would vastly complicate the interpretations of the results. Our method (a solid, flat dielectric spacer layer with Ag sputtered on one side and photoresist spin-coated on the other) was chosen to record the irradiance produced by the nanohole array at the distance determined by the thickness of the silicon nitride membrane while satisfying the requirements of the relative isotropy compared with the size of the irradiance patterns and the wavelength of the incident light.
The silver side of the laminates was exposed to various doses of well defined pulse widths of laser light ( 0 ϭ 410 nm). After exposure, the structures were immersed in diluted developer and then in water to stop and fix the development process. The fully processed structures were analyzed both by atomic force microscopy (AFM) and scanning electron microscopy (SEM). Parallel membranes were fabricated for each dose of laser light, one to be imaged by AFM the other by SEM, because even fixed photoresist films lose contrast when exposed to high-energy electrons.
TE arrays on the silicon nitride spacers, which ranged in thickness from Ϸ/2.7 (75 nm) to 2.5 (500 nm), show highcontrast patterning of the photoresist. ( 0 ϭ 410 nm. In the silicon nitride of n ϭ 2.02, ϭ 203 nm.) The twinned holes are quite apparent in low-power (Ͻ5 keV) SEM images ( Fig. 3 A and  B) . At /2 distances, interference between the twinned hole-sets begins to appear (Fig. 3B) . The patterning of the double holes relative to this interference decreases with increasing distance. At a 2.5 (500 nm) distance from the apertures, the interference dominates, and the twinned holes are barely discernible (Fig.  3C) . The hole-set to hole-set interference was eliminated in another 2.5 sample by using a scheme in which resonant electromagnetic surface waves are excited by periodic surface features that do not penetrate the metallic film (16, 33) . These features flank the single holes and still maintain the TE orientation (Fig. 4A) . This method provides the same excitement as seen in the paired TE arrays but allows transmission only through one pair of holes. The patterning of the photoresist by the twinned holes is readily perceived in the AFM images (Fig. 4 B  and C) . TM arrays, on the other hand, poorly reproduced the twinned holes, producing oval exposed areas. TM arrays, in addition, did not show noticeably increased power transmission over the TE cases. Multiple experiments were completed for each distance to bracket the exposure dose required to produce the highest contrast. For an evanescent field, an exponential increase in required dose vs. distance from apertures is expected. For point sources, the dose is expected to follow a distancesquared relationship. However, the dose-distance relationship observed was linear (Fig. 5) . This linear dependence suggests that the source was highly collimated in one direction, with linear divergence in another. This conclusion is substantiated by the lack of contrast apparent in the twinned holes in the TM arrays when compared with the TE arrays. For the TE arrays, in which the twinned holes are readily apparent, the divergence in the direction of the magnetic field is small, and the divergence in the direction of the electric field is minimal.
Because of the nonlinearity of contrast produced in photoresist as a function of dose, very small isolated features can be made through underdevelopment of the irradiated area, effectively sampling only the very center of that area. These isolated features can be mistaken for subdiffraction-sized irradiance patterns. Creating two very closely spaced features in photoresist, however, is subject to the Rayleigh criterion for point sources. For a lensed system imaging a periodic grating outside of the near-field, this follows P min (, N) ϭ /N (34). Below this minimum separation, P min (410 nm, 2.02) ϭ 203 nm, there should be very little difference in the irradiance levels between the geometric axes of the sources and their centers, thus leaving very little perceivable contrast in the image in the developed photoresist. Regardless of development conditions, a positive feature between two holes in the photoresist indicating two separate sources of irradiance would not be predicted. In the near-field, where the power is evanescent and decays exponentially, this is not the case (8) , and feature separation smaller than that dictated by the Rayleigh criterion can be created. Indeed, the currently published numerical simulations involving many different methods all show that any subdiffraction-limited information is not transmitted beyond the near-field (13, 15, 16, 27, 35, 36) . For ''beaming'' from single apertures, models suggest that the effect is the product of emission from the surface of the metal film. When beaming and the associated focusing occurs, there should be no information below the diffraction limit available in either near-field or far-field (13, 27, 35) . In the case of multiple apertures, simulations predict that emissions from the apertures and the metal surfaces interfere, resulting in patterns similar to those from gratings, and that there is not one-to-one registration of apertures to principle spots of irradiance produced beyond the near-field (36) .
Conclusion
In summary, we have demonstrated anomalous behavior of photons in the meso-field. Here, photons can display a semicollimated behavior well outside of the optical near-field, while irradiating areas of dimensions substantially smaller than the diffraction limit for light. In this domain, photons do not display the properties associated with evanescent fields, as would be expected from standard diffraction theory. Given that the near-field's maximum decay length is Ϸ100 nm in this medium, the results would be expected to adhere to a model of a collection of point sources on the emission plane and behave as a miniature phased array antenna. However, the results are not explained by near-field or far-field theory and numerical models, and thus require more understanding of the behavior of light in the meso-domain. Regardless of the mechanism, our technique may find immediate application in super-resolution including data storage and retrieval, super-resolution fluorescence and brightfield microscopy, and photolithography.
Materials and Methods
In the first class of structure, propagating meso-field (due to the finite depth of focus) and far-field information was collected on a CCD camera (AxioCam; Zeiss MicroImaging) through the intermediate optics of a ϫ100/1.4-N.A. oil immersion objectiveequipped inverted microscope (Nikon). The depth of focus of this lens is Ϸ495 nm at this wavelength. Monochromatic light (2 nm FWHM) from a focused white light source (Xe arc) was delivered to the structure through a double monochromator (Instruments S.A./Jobin Yvon). It was found that convection currents in the bulb envelope lead to inconstant irradiance on the sample. Although we tried different homogenization techniques (diffuser and tunnel homogenizer), we concluded that increased distribution of in-plane momentum of the photons resulted in poorer performance and less sharp images.
For structures on silicon nitride, silver was sputtered to a thickness of 110 nm onto commercially prepared silicon nitride membranes (Silson). A home-built sputter machine was used. Thermal evaporation of the metals was also investigated, but, in the case of the silver, the coatings were found to be unsuitably rough. A conventional G-line photoresist (MicroChem Rohm and Haas S1805) was thinned 2:1 thinner:resist and spin-coated at 6,000 rpm for 45 sec. Because at these concentrations the resist is not easily or permanently suspended in the thinner, the mixture was gently and continuously stirred for a minimum of 24 h before application. The resist then was baked for 60 sec at 105°C. After exposure, the resist-coated membranes were immersed in thinned developer (two parts water to one part developer) for 5 sec.
In both cases, apertures were milled into the metal via focused 30-kV Ga ions (FEI DB235) at 10 pA. Milling rates and depths were determined through cross-sectioning and destructive examination of several similar samples. The lattice constant, given previously as a 0 , was determined for the resonant excitation of surface plasmons via grating/crystal momentum with normal photons according to the equation
in which res is the wavelength of resonance, a 0 is the lattice constant, is an integer describing the grating order, 1 is the complex dielectric function of the metal, and 2 is the dielectric function of the material through which the photons travel before being incident on the metal-dielectric interface. It is important to note that the dielectric functions of the materials not only are spectrally dependent but, especially in thin films, also are heavily dependent on the coating method and conditions (24) . In the region of interest, we used high-order Chebyshev polynomials to fit data taken specifically in surface plasmon resonance measurements in which thin films were deposited in similar fashions and conditions to those described above (24, 30) . The predictions of our final equations differ somewhat from those found in the literature for surface plasmon resonance measurements because of the doping of the surface close to the apertures by Ga ion overspray and embedment. AFM data were taken with three different machines. Images presented in this manuscript used an Asylum Research MFP-3D with ultrafine contact-tipped cantilevers of tip diameters Ͻ10 nm (MikroMasch). Thickness measurements of the metal coatings were verified by using cross-sectioned scanning electron microscopy: Asylum Research, Park Systems, and Digital Instruments NanoScope IIIa (Veeco Instruments) atomic force microscopes and a Veeco Instruments NT1100 optical profilometer.
